Abstract The transport properties of ceramic materials strongly depend on oxygen activity, which is tuned by changing the partial oxygen pressure (pO 2 ) prior to and during measurement. Within, we describe an instrument for highly stable measurements of Seebeck coefficient and electrical resistivity at temperatures up to 1300 K with controlled oxygen partial pressure. An all platinum construction is used to avoid potential materials instabilities that can cause measurement drift. Two independent heaters are employed to establish a small temperature gradient for Seebeck measurements, while keeping the average temperature constant and avoiding errors associated with pO 2 -induced drifts in thermocouple readings. Oxygen equilibrium is monitored using both an O 2 sensor and the transient behavior of the resistance as a proxy. A pO 2 range of 10 -25 -10 0 atm can be established with appropriate gas mixtures. Seebeck measurements were calibrated against a high purity platinum wire, Pt/Pt-Rh thermocouple wire, and a Bi 2 Te 3 Seebeck coefficient Standard Reference Material. To demonstrate the utility of this instrument for oxide materials we present measurements as a function of pO 2 on a 1 % Nb-doped SrTiO 3 single crystal, and show systematic changes in properties consistent with oxygen vacancy defect chemistry. An approximately 11 % increase in power factor over a pO 2 range of 10 -19 -10 -8 atm at 973 K for the donor-doped single crystals is observed.
Introduction
Thermoelectric metal oxides have garnered increased interest in the last decade due to their potential temperature stability, compositionally controllable transport properties, low environmental toxicity, and high natural abundance relative to the widely used chalcogenides. Significant progress has been made in both n-type and p-type oxide single crystals and ceramics as evidenced by their promising combination of low thermal conductivity and high carrier densities [1, 2] . However, the transport properties of thermoelectric oxides change relative to the ambient atmosphere. For example, Moos et al. demonstrated the degree to which oxygen partial pressure (pO 2 ) contributes carriers to strontium titanate ceramics at high temperatures [3] . Indeed for many oxides, the defect chemistry and the role of oxygen and cation vacancy formation is well documented in terms of electric conduction yet remains poorly studied in the context of overall thermoelectric properties. Thus, defect equilibrium under operating conditions is an under-acknowledged contributor to overall thermoelectric performance. For individual constituent materials of a thermoelectric module, the pO 2 -dependent properties may lead to large errors in measured thermoelectric figure of merit. From an overall system perspective, the potential changes in transport properties may affect device operation and lead to degradation.
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Point defect chemistry in oxides has been well established to dictate electrical conduction characteristics and has also been shown to influence thermopower in some limited studies [3] [4] [5] . Below we give a brief outline of the point defect equilibrium conditions that occur in oxides, using the specific example of SrTiO 3 , that give rise to electrical property dependencies. However, we note that the point defect equilibrium conditions are material system and crystal structure-dependent and we encourage interested readers to visit the many articles and texts written for specific systems [6, 7] . We use the Kröger-Vink notation to describe point defect reactions in ionic systems [8] to generate the well-known Brouwer diagram shown in Fig. 1a [9] . The full point defect equilibrium derivation for this diagram can be found in the Online Resource. The Brouwer diagram demonstrates some of the compensation mechanisms and species concentrations that exist for trivalent dopants on the A-site or pentavalent dopants on the B-site of donor-doped SrTiO 3 ceramics and single crystals at equilibrium as a function of oxygen partial pressure. The total carrier concentration depends not only on the intentional donor dopant concentration, but also on the oxygen activity of the ambient atmosphere during a measurement or operational conditions.
The five primary charged species in the defect chemistry of donor-doped SrTiO 3 
where the brackets signify the concentrations of each species.
Under highly reducing conditions, oxygen vacancies are present as the highest concentration lattice defect and are compensated by electron carriers. Note that tri-valent titanium may also be the compensation mechanism, but for simplicity, we assume electron compensation. The log of the conductivity in this region scales as the oxygen partial pressure to the -1/6 power. For a donor-doped ceramic or crystal under slightly higher pO 2 conditions, the highest concentration lattice defects are the intentional cation dopants. These cation dopants (or donors) are compensated by an equal concentration of electrons. Under higher oxygen partial pressures (between ca. 10 -15 and 1 atm), oxygen vacancies become energetically unfavorable and negatively-charged strontium vacancies begin to compensate for the intentional donors. The electron concentration begins to decrease and the log of the conductivity scales with oxygen partial pressure to the -1/4 power. Interestingly, for lightly donor-doped or nominally undoped material near atmospheric ambient oxygen partial pressures, strontium vacancies will dominate and will be compensated electrically by holes, resulting in a p-type conductor.
Building on the known dependencies of electrical conductivity as a function of oxygen partial pressure in oxides, the Seebeck coefficient (S) can also be assessed in a similar manner. Electrical conductivity is a function of charge carrier concentration and carrier mobility, r el = nel, where n is charge carrier concentration and l is carrier mobility. In semiconductors, the Seebeck coefficient is also linked to carrier concentration and effective mass [10]:
where C is a constant, m* is carrier effective mass, n is carrier concentration, and T is the absolute temperature.
Since the Brouwer diagram demonstrates that carrier concentration is strongly pO 2 -dependent, there must also be a strong link between oxide thermopower and ambient 
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1.5x10 -6 Power Factor (W- as a function of oxygen partial pressure [9] . b Qualitative expected change in power factor of undoped SrTiO 3 as a function of oxygen partial pressure accounting for the pO 2 dependence of charge carrier density atmosphere. This dependence, therefore, should scale to the overall thermoelectric performance and will affect the dimensionless thermoelectric figure of merit (ZT), which is defined by:
where r is the electrical conductivity and j ph and j el are the phonic and electronic contributions to thermal conductivity, respectively. All of these factors are expected to have dependencies on oxygen partial pressure either during preparation and, equally important, during measurement. As the electrical properties are expected to be the most strongly influenced, we focus on changes in the power factor (rS 2 ). We show a schematic power factor dependency on pO 2 by combining the expected electrical conductivity and thermopower pO 2 -dependent carrier concentrations in Fig. 1b for a hypothetical, nominally undoped SrTiO 3 material. It is clear that the thermoelectric transport properties depend strongly upon both the temperature and the oxygen partial pressure. Therefore, quantitative characterization of electrical properties on pO 2 is required.
The complexity associated with pO 2 -dependent thermoelectric property characterization systems and the use of legacy measurement systems used for conventional thermoelectric semiconductors (e.g., Bi 2 Te 3 , PbTe, Si, Ge, etc.) has limited the number of in situ systems described in the literature. Many groups that measure Seebeck coefficient in oxides utilize fixed slope temperature gradients. For example, one end is always held hotter than the other via thermal gradients in the measurement furnace [3, 4, 11, 12] , or, for systems specifically designed to measure thermoelectric properties under controlled atmospheres, a single heater is used that again results in a fixed temperature gradient direction [13] . For materials systems where ionic or vacancy diffusion may occur to a significant degree under the measurement conditions, these fixed slope systems may result in ion or vacancy pile-up at one end of the sample and therefore may affect the measured properties. It would be advantageous to operate a system with a controlled variation in the slope of the temperature gradient to avoid this effect, while also enabling measurement of electrical conductivity under conditions of no temperature gradient. To achieve this, an instrument that enables fine control of the temperature across the sample is required. In this work, we outline the design of an instrument that enables pO 2 -dependent property measurements over the temperature and oxygen partial pressure ranges of *290-1300 K and 10 -25 -10 0 atm, respectively, that avoids some of the issues that may be present in simpler fixed gradient systems. Furthermore, we will demonstrate the accuracy and precision of the instrument using known standards and finally demonstrate measurements of pO 2 -dependent Seebeck coefficient and electrical conductivity of a prototypical oxide thermoelectric, Nb-doped SrTiO 3 .
Experimental procedures Instrument geometry
The overall transport measurement assembly is mounted within a high-density Al 2 O 3 tube, which is only used for mechanical stability and electrical insulation and is not affected by the ambient pO 2 . The ceramic tube is mounted within a ConflatÓ flange that is mounted to precision rails so that the instrument can be smoothly inserted into a larger, 46 mm diameter SiO 2 glass (''fused silica'') tube furnace (Lindberg, single zone). This tube furnace allows regulation of the measurement atmosphere under flowing gas mixtures. ConflatÓ, Kwik-FlangeÓ, and SwagelokÓ components are used for gas handling and optional vacuum conditions. Figure 2 shows a schematic of the high temperature Seebeck probe, which is described in more detail below.
Oxygen partial pressure control
Oxygen partial pressure is established using gas phase reactions. Gases used include hydrogen containing forming gas (3 % H 2 /N 2 ), ultra-high purity nitrogen (99.999 % N 2 ), and ultra-high purity oxygen (99.999 % O 2 ). Flow of each gas is regulated via independently controlled mass flow controllers (MKS Instruments) with a total flow through the system of approximately 400-500 sccm. The gas is streamed into the Conflat connection and passed through the length of the Al 2 O 3 probe and fused silica tube. Oxygen partial pressure is monitored with a Centorr 2A external pO 2 sensor located on the exhaust of the furnace. Internally, the Centorr 2A oxygen monitor has a furnace that operates at 800°C to heat a ZrO 2 -Pt cell. When the ZrO 2 measurement cell is subjected to a pO 2 differential where air (pO 2 = 0.205 atm) is on the exterior of the cell, a voltage can be measured between the inside and outside of the cell. This voltage is converted to pO 2 via the Nernst equation. Because the equilibrium pO 2 is a function of temperature for a given gas mixture, an adjustment is required to convert the pO 2 measured via the Centorr 2A unit operating at 800°C to that in the furnace at the temperature of the sample. To account for this disparity, the external pO 2 monitor was calibrated against an in situ probe (Australian Oxytrol Systems, Model DS) to correct for temperature-dependent pO 2 differences.
Transport measurements
The Seebeck coefficient is obtained using a steady-state differential method by establishing a temperature gradient (DT) across a sample and measuring the corresponding voltage difference (DV). This technique was employed to eliminate the numerous sources of error in both temperature (possible non-identical thermocouples and the necessity of a temperature-stable heat sink as is conventional for integral methods) and voltage measurements (small temperature gradients allow measurements of semiconductors with minimal errors) that can plague the Seebeck coefficient measurement procedure [14] . In the present work, an additional constraint is that long times are required to reach pO 2 equilibrium. This instrument was designed to be as stable as possible with respect to pO 2 over time through the use of only noble metals in the measurement leads. In this way, measurements reflect sample changes with pO 2 , rather than changes associated with the various components.
In order to correct for unavoidable DC voltage offsets at high temperature, two heaters were used to establish DT and plot DV as a function of DT. The average sample temperature is kept constant for all DV measurements, typically with a maximum DT = ±5 K at 1200 K. DT is kept to less than ca. 1 % of the absolute temperature to minimize errors associated with the possibly large temperature dependence of the Seebeck coefficient. The known Seebeck coefficient of the leads is subtracted from the slope of the DV versus DT curve. We have used platinum lead wire, where the Seebeck coefficient has been reported by Roberts [15] .
In order to achieve the required thermal contact, the sample is compressed between two cylindrical platinum metal heat sinks using a spring-loaded Al 2 O 3 ceramic shaft. The spring is located at room temperature within the Conflat vacuum flange in order to minimize temperaturedependent changes in pressure that results from thermal expansion of the specimen and measurement components. High-temperature-stable heat sinks were fabricated out of custom centrifugally cast 99.9? % platinum shot that was then hot isostatically pressed and turned on a lathe to final diameter of 9.5 mm. This enables the use of typical sample areal cross section dimensions of 2-4 mm 2 . Depending on mechanical stability, samples lengths of 10-30 mm and cross sections of 1-25 mm 2 can be accommodated with the present instrument dimensions. The sample ends must be flat and parallel in order for good thermal contact to be achieved, which we achieve through mechanical sample fabrication techniques.
Pt-6 %Rh wire (Alfa Aesar) was used to prepare the two independent heaters via wrapping around an alumina post inserted into a flat bottom hole drilled into the platinum heat sinks. An insulating alumina disk separates the heater from the heat sink and ensures that no electrical shorts occur. The length of the heater was similar to the total length of the platinum heat sink. High purity, 99.99 %, platinum wires were used for Seebeck voltage measurements and were laser welded to the length of the platinum blocks. While a small DT likely exists across the platinum heat sink, the heat sinks were fabricated to the same dimensions (within standard machining tolerances) so as to ensure a symmetric thermal design. Type-R (Pt/Pt- Fig. 2 Schematic of the pO 2 and temperature-dependent Seebeck coefficient and electrical conductivity measurement system 13 %Rh) thermocouples were laser welded to the flat surfaces of the platinum heat sinks, in a position as close as possible to the sample position. The temperature of each block was controlled using a Lakeshore 336 Temperature Controller, which was used to control two high current power supplies (Sorensen DLM-600) in constant current mode to drive the Pt-6 %Rh heaters. Cold junction compensation of the thermocouples is made using Omega CJSeries zero point compensators.
The temperature of the heat sinks can be independently changed up to about 200°C, given the heater resistance and available current in the present high current power supplies. However, equilibrium pO 2 conditions require a homogeneous temperature in the furnace. Thus, the furnace temperature controller (Eurotherm 2404) was used to set the global furnace temperature, and the heaters attached to the heat sinks were used to establish a small (*5 K) temperature gradient. By controlling temperature in this way, thermopower measurements typically take 10-20 min for four different temperature points with the *5 K gradient. The voltage for the Seebeck coefficient is measured using a Keithley 2182A nanovoltmeter.
Platinum voltage leads were used for their stability against changes in pO 2 . Pt/Pt-Rh thermocouples were used for the same reason. High temperature cements (e.g., SiO 2 or Al 2 O 3 -based cements) were avoided due to their instability under varying oxygen partial pressures over long times. Laser-welded joints between platinum parts ensure thermal and electrical contact. Spot welded joints also yielded good thermal/electrical contact. Each of these joints is stable in oxygen atmosphere, but can easily be changed. While platinum has little reaction with many oxide ceramic samples, it may react readily with metals. The present instrument is therefore primarily designed for ceramics.
Electrical resistivity measurements require two additional leads attached to the sample to utilize a four-point measurement geometry. Resistivity is given by:
where R is the resistance, A is the sample cross section area, and l is the distance between voltage leads. A low frequency AC current is injected through the platinum Seebeck voltage leads, which send current through the ends of the sample. Voltage is measured using two platinum leads attached to the face of the sample, a few mm from the ends. The platinum leads were attached using platinum screen-printing paste (DuPont 9894). Pt-paste is sintered to the sample at 900°C in 3 % H 2 -97 % N 2 (pO 2 *1 9 10 -22 -atm) to provide ohmic contacts with the ceramic. After voltage leads are applied in a conventional 4-point geometry, platinum wires (Alfa Aesar, 99.99 %, 0.08 mm diameter) are adhered to the sintered platinum pads and sintered in the same conditions until a mechanically stable connection was formed. The platinum leads attached to the sample can then be attached to contact platinum wire leading out of the sample chamber to the resistance bridge. Twisted platinum connections are then coated with Pt-paste and heated with a butane torch to provide a mechanically stable and low resistance connection. A Lakeshore 270 Resistance Bridge was used to measure the four probe resistance, with current excitations from 1-10 mA at *10 Hz. Electrical resistance measurements are performed followed by Seebeck measurements. The platinum heat sinks are controlled at the same temperature during resistance measurements to minimize potential inadvertent temperature gradients across the sample. The same average temperature is used for resistance and Seebeck measurements.
It should be noted that the Seebeck voltage, electrical current, and thermocouple leads are connected together electrically on the platinum heat sink in order to achieve the most robust thermal contact. However, this results in a small AC signal appearing on the thermocouple voltage readings during sample resistance measurements. Using signal averaging, these artificial AC temperature changes were eliminated, which would otherwise interfere with temperature control. The excitation current also was kept to low values (typically 1 mA) to prevent large temperature excursions within the sample due to Joule heating.
All instrumentation, including gas flow, Seebeck measurements, and electrical resistance measurements are controlled using LabVIEW, which simultaneously controls process variables and records transport, temperature, and pO 2 data. The system can be run in two primary modes or with a mixed control scheme. In the first mode, gas flows are held constant and the measurement is conducted as a function of temperature. This mode is similar to how most commercial systems operate and is susceptible to errors due to slow changes of transport properties under conditions of non-equilibrium chemical potential. In the second mode of operation, isothermal measurements can be made while the mass flow controllers adjust pO 2 through gas flow, which should maintain equilibrium.
Results

Standard reference measurements
Three standard reference materials were tested to validate the near ambient and high temperature performance of the transport measurement system. First, n-type Bi 2 Te 3 (SRM
241, NIST, Bethesda Maryland) was measured between *300 K and 400 K. Figure 3a shows the temperature-dependent Seebeck coefficient of n-type Bi 2 Te 3 and the difference between measured and expected values reported by NIST. The measured values agree very well (±3 %) over the 75 K measurement window. Note that calibration curves are only available up to 400 K. Second, pure platinum wire (99.99 % Pt, Alfa Aesar) was used to calibrate the thermopower measurement at high temperature. The wire was supported within a 3-mm Al 2 O 3 thermocouple double-channel support tube and placed between the platinum heat sink blocks. The platinum wire was measured from ambient to *1200 K. The absolute thermopower of pure platinum was determined from the ASTM standard thermocouple tables by subtracting the known voltage for B, S, and R-type couples at different DT values; the measured Seebeck voltage sensitivity for this system is \1 lV/K. The system sensitivity is thus obtained under shorted conditions because the Seebeck coefficient of a Pt-Pt junction should be 0.0 lV for equivalent impurity contents. The low value of \1 lV/ K indicates that the system has a nearly uniform impurity concentration for all electrical components and no adjustment is required to account for alloy differences. The calculated Seebeck coefficient is shown in Fig. 3c and indicates that this Seebeck measurement system generates data within ±5 % of the reference value.
Third, the system was calibrated against type R thermocouple wire (Pt-13 %Rh). This thermocouple wire provided a valuable calibration point because it was readily available and samples can inexpensively be procured with NIST certification or traceability at the high temperature ranges useful for thermoelectric oxide measurements. Figure 3d shows the calculated thermopower from Seebeck voltage measurements of Pt-13 % Rh wire collected from 300 to 900 K. The measured values were within 5 % of the expected value reported in standard thermocouple tables [16] . The NIST value for Pt-13 %Rh is shown in Fig. 3d for reference. Temperature-and pO 2 -dependent measurements were made on an n-type 1 % Nb:SrTiO 3 single crystal (MTI Corporation) along the 010 direction. Typical 2-point resistance of the 1 cm long bars with platinum leads was *1 ohm at room temperature. Temperature-dependent thermopower, electrical conductivity, and calculated power factor for 1 % Nb:SrTiO 3 are shown in Fig. 4a -c measured under flowing 3 % H 2 /N 2 gas.
To demonstrate pO 2 -dependent instrument performance, electrical resistivity and Seebeck coefficient were measured under isothermal conditions under varied pO 2 for the 1 % Nb-doped single crystal and electrical resistance measured for a 10 % Nb-doped ceramic. Figure 5 shows the change in time-dependent resistance at 1173 K for a 10 %Nb:STO ceramic specimen subjected to modulated pO 2 . It is clear that an intentionally donor-doped oxide thermoelectric undergoes diffusion limited equilibration when pO 2 is changed, resulting in *24 h equilibration times at this temperature, which also indicates that this system can also be used to study diffusion coefficients in oxides at elevated temperatures. These data show that emphasis on careful control and knowledge of pO 2 is needed to fully understand the role of total donor dopant concentration on carrier concentration and electronic transport behavior. At lower temperatures, oxygen diffusion is limited and pO 2 control is likely unnecessary for property measurements. However, samples quenched from an equilibrated state under low pO 2 and high temperature will undergo a change in carrier concentration during measurement upon heating if low pO 2 conditions are not used. If sample carrier concentrations are quenched in from a gas mixture whose pO 2 is not temperature-dependent (e.g., Ar-O 2 in a carbon and hydrogen free environment), the carrier concentration will remain constant if the measurement is conducted under identical pO 2 buffering conditions. Reducing gas mixtures (e.g., Ar/H 2 , CO/CO 2 , etc.) exhibit temperature-dependent pO 2 values due to shifts in thermodynamic equilibrium. As the specimen is heated to elevated temperatures, the gas mixture equilibrates to an increasing oxygen activity as the equilibrium shifts to favor reactants at high temperature. Figure 6 shows the measured thermoelectric properties of the 1 % Nb-doped single crystal as a function of pO 2 . The material was measured at 973, 1073, and 1173 K over where typical pO 2 values range from 1 9 10 -7 to 1 9 10 -5 atm depending on gas purity (note that typical ultra-high purity gas sources have oxygen impurity concentrations in the 0.1 to 10 ppm range). A change in both electrical conductivity (Fig. 6a) and Seebeck coefficient (Fig. 6b) is observed for 1 % Nb:SrTiO 3 between pO 2 *1 9 10 -15 and *1 9 10 -10 atm. A charge compensated regime, as indicated in Fig. 1 , is observed to occur between pO 2 *1 9 10 -23 and *1 9 10 -9 atm. The slope in log(pO 2 )-log(r el ) does not follow the -1/4 dependence at high pO 2 values as single crystals can only charge compensate at interfaces/surfaces through the precipitation of SrO crystallites to form strontium vacancies in the SrTiO 3 lattice [17] . The magnitude of thermopower does decrease, however, with decreasing pO 2 because an increase in carrier concentration in Eq. 2 is raised to the negative 2/3 power. Although the magnitude of the pO 2 dependence is lower than that expected to be observed for polycrystalline ceramics, such a mechanism clearly leads to a measurable change in power factor and thus demonstrates the utility of pO 2 -dependent property measurement instruments.
Conclusions
In summary, we have developed an accurate measurement system for the evaluation of thermoelectric transport properties as a function of both temperature and pO 2 . The instrument utilizes materials that are inert to a broad range of temperatures, atmospheres, and oxide materials. The instrument utilizes two independent heaters to avoid absolute thermocouple errors in measurement of thermopower. Fourpoint AC electrical resistance measurements are used to minimize contact resistance and potential charge/defect accumulation effects that may be present in 2-point and DC resistance measurements, respectively. The system was calibrated against available reference materials including Pt-13 %Rh thermocouple wire and a Bi 2 Te 3 Standard Reference Material from NIST and is shown to provide Seebeck coefficient values with an accuracy of ±3 and ±5 % over temperature ranges of 300-400 K and 400-1200 K, respectively. When operated under constant temperature, the resistance of oxide ceramic specimens was shown to exhibit time-dependent changes with steps in pO 2 . Furthermore, this instrument enables the characterization of oxide-based thermoelectric materials over a broad range of temperature and atmosphere conditions. 
